Summary Earlywood vessel lumen areas were measured in 72 consecutive tree rings in wood cores from oak (Quercus robur L.) trees in a maritime woodland. This anatomical time series was statistically correlated with climate data for the same time span. There was a strong dependence of earlywood vessel lumen area on rainfall between February and April, which reflects the role of water availability in vessel ontogeny. By inversion, earlywood vessel lumen areas can be used as a proxy to reconstruct spring precipitation beyond the archived weather records. Such information may be of value in the context of climate change.
Introduction
Information about environmental occurrences is perceived by a tree during its entire lifetime through metabolic processes and is encoded in the form of the width (e.g., Fritts 1976) , density (e.g., Schweingruber 1988) , structure (e.g., Knigge and Schulz 1961) and stable carbon and oxygen isotopes (e.g., Schleser et al. 1999) of the wood that is formed annually. By inversion, this information can be extracted from a tree and used to reconstruct past environmental events beyond the range of historical records, in extreme cases by hundreds and sometimes several thousands of years. Depending on the limiting environmental factor during the growth of a tree, the climatic signal of tree ring width is mostly either summer temperature or summer rainfall, and the climatic signal of maximum wood density is summer temperature. The climatic signal of the stable carbon isotope ratio in tree rings seems to be less consistent (McCarroll and Pawellek 2001) . There is also uncertainty about the climatic significance of oxygen isotope variation in tree rings (Saurer et al. 2000) . Eckstein et al. (1977) hypothesized that size of vessels, i.e., water-conducting elements, of deciduous trees reflects the availability of water during their formation. This hypothesis has now been verified in several case studies (e.g., Woodcock 1989 , Sass and Eckstein 1995 , Pumijumnong and Park 1999 . However, further investigations with trees from various ecological situations are needed to assess the robustness of using annual variability in vessel size as a proxy for dendroclimatic reconstructions of past rainfall regimes. We report a study in which vessel lumen areas of oak trees growing under maritime conditions were analyzed for their climatic signal.
Materials and methods

Study site and tree sampling
The study site is at A Capela, which is located within a seminatural woodlands area of about 2300 ha in the Eume Valley in the northwest of the Iberian Peninsula (43°24′ N, 8°03′ W). The lower part of this valley has an unusually warm and wet microclimate with a low frost risk, and is an important refuge for some rare plant species (Amigo Vázquez and Norman 1995) .
The study trees grow at an elevation of 200 m on a slope with a SSW exposure. The plant community belongs to the phytosociological association Blechno spicantis-Quercetum roboris subassociation lauretosum nobilis (Izco et al. 1990 ) and has been studied by several authors (Losa Quintana 1974, Amigo Vázquez and Norman 1995 Three 5-mm wood cores were taken at breast height from bark to pith from each of 10 living oak trees. The cores were air-dried and mounted on wooden supports in order to cut and polish a cross-sectional surface. The cut surface was sanded with very fine sandpaper and then rubbed with white chalk to make the earlywood vessels clearly visible. The earlywood and latewood ring widths were measured with a standard tree ring measuring device. The boundary between earlywood and latewood was distinguished by the vessel size (much larger in earlywood than in latewood) and also by vessel distribution. Earlywood was restricted to areas where the vessels formed a continuous band in the tangential direction, with little surface area occupied by other elements. Latewood and earlywood width series were cross-dated as is usual in dendrochronology in order to match the time series precisely on the calendar time axis (Schweingruber 1988) .
Automatic image analysis
Earlywood vessel lumen areas were measured with an automatic image analysis system (Olympus CUE-3). The system allows automatic object recognition based on a resolution of up to 512 × 512 pixels. Images of the wood surface were captured with a video camera attached to a binocular microscope, using ring-lighting to obtain uniform light distribution. Images were digitized with grey scales ranging from 0 to 255. Vessel lumen areas were distinguished from the background tissue based on a threshold grey level, which was adjusted during measurement because the darkness of the wood was highly variable.
Vessel lumen areas were measured within a frame of 4.5 mm of tangential width; its radial dimension was chosen depending on the width of the earlywood. Frequently, features other than vessels were "recognized" by the system as vessels. Therefore, two filters were applied before storing the values: a size filter and a shape filter. The minimum value of the size filter was set at 5000 µm 2 (diameter = 80 µm) as this proved to be the minimum size of an earlywood vessel; the upper value was set at 250,000 µm 2 (diameter = 565 µm) to eliminate unusually large objects. The shape filter excluded objects of irregular shape that were the same size as vessels. There were often unwanted objects, especially rays, that could not be excluded by the filters. This was particularly common in heartwood, where vesssel tyloses could not be excluded. In such cases, the image was corrected manually.
After measuring all earlywood vessel lumina areas in each ring of all three cores per tree, the values for the same calendar year were pooled to obtain a time series for each tree. Thus, about 50 vessels per year were measured. Because the vessel time series of two of the 10 study trees showed a lack of agreement with the vessel time series of the other eight trees, they were excluded from further analysis.
Statistical procedures
The series of the three growth variables (earlywood and latewood width and vessel lumen area) were detrended by fitting a 64-year spline function to eliminate as much non-climatically caused variability (e.g., age-related variability (Cook et al. 1992) ) as possible, using the program ARSTAN (GrissinoMayer and Fritts 1997). The same spline stiffness was applied to all three variables to avoid differences associated with detrending procedures. To measure the common variance in each of the three chronologies, cross-correlations between all possible combinations of trees (mean correlation) were calculated and averaged (Wigley et al. 1984) .
The period for the final analysis was 1925-1996, which was covered by data from most study trees. First, growth variables were compared with each other by simple correlations and by "Gleichläufigkeit" (Glk), a measure of the year-to-year agreement calculated as the number of times that two series show the same upward or downward trend relative to the previous year Bauch 1969, Schweingruber 1988) . Then, the time series of the three growth variables were correlated with contemporaneous monthly temperature and precipitation data from the A Coruña station (60 m a.s.l.), which is located in the same climatological sector as the study site (Martínez Cortizas et al. 2000) .
Results
The frequency distribution of all measured earlywood vessel lumen areas (n = 35,969) was skewed to the left, with numerous vessels in the lower size classes and few in the large size classes (Figure 1 ).
The time series of the three variables for the eight study trees are shown in Figures 2a-2f before and after detrending. In the series before detrending (Figures 2a-2c ), there was a descending age trend for both width variables, whereas mean vessel lumen area had a slightly ascending trend, at least during the first years. Only high frequency variation was retained in the detrended series (Figures 2d-2f ), and most trees showed parallel year-to-year variations.
Growth variables were compared with each other by simple correlation and Glk (Table 1 ); in addition, the latewood width of the previous year was also considered. The similarity between the earlywood width of the current year and the latewood width of the preceding growing season was high. On the other hand, earlywood vessel lumen area was poorly correlated with latewood width of the previous year. Similarly, latewood width correlated only weakly with earlywood width of the same year. The low correlation between earlywood width and mean earlywood vessel lumen area, though statistically significant (P < 0.001), suggests that these variables are likely controlled by different climatic driving forces.
The common variance of the time series of each of the measured variables, which is interpreted as a measure of the common climatic signal, is given by the mean correlation (Table 2). This value was considerably higher for latewood width and for the width of the entire tree ring than for the earlywood variables.
To test whether the climatic signal was stronger in the large vessels or in the small vessels, the smallest vessels from the data pool of each tree were progressively removed and the mean correlation calculated at each step (Figure 3 ). The mean correlation remained constant until about 20% of the smallest vessels were removed, and it decreased steadily thereafter. In no case did the mean correlation increase in response to the removal of small vessels. Thus, most of the earlywood vessels need to be taken into consideration to obtain the optimal common climatic signal.
Among all observed tree rings, the earlywood vessels of the rings in 1990 are noteworthy. Most of the trees formed very small and numerous vessels in that year (Figures 2a-2d) , particularly the earlywood (Figure 4 ).
To establish climate-growth relationships, simple correlations were computed between the growth variables and the meterological data for each month over the period 1925-1996-from the previous October to the current September for latewood width and from the previous June to the current May for earlywood width and vessel lumen area (Table 3) . Earlywood width seemed to be independent of climate, with only precipitation in August of the previous year exhibiting a slightly negative effect. Latewood formation, however, was favored by a moist and cool summer ((June) July to August). In contrast, mean earlywood vessel lumen area clearly depended on moist and cool conditions during late winter and early spring (February to April (May)). We have been unable to identify a biologically meaningful explanation for the statistical connection with precipitation in the previous summer (positive in July, negative in August).
Our statistical results were mirrored, and thus validated, by a high similarity between the time series of the mean vessel lumen area and rainfall (March-April) and temperature (February-April) of the current growing season ( Figure 5 ). We note that rainfall and temperature are mutually dependent on each other.
Discussion
Trees respond to environmental changes; some of these responses are transitory, whereas others are permanently expressed in the form of wood structural features and are therefore suitable bioindicators because they can be evaluated in retrospect. However, only those tree responses that vary with a time resolution of one year or less are useful for dendroclimatological studies.
There are few studies on the variability in the widths of earlywood and latewood of ring-porous trees and the driving forces that give rise to such variability. Eckstein and Schmidt (1974) found a stronger common climatic signal in latewood width than in either earlywood width or in the entire tree ring width of Q. robur. Similar findings were obtained by Zhang (1997) for Q. robur and Q. petraea (Mattuschka) Liebl. and by Nola (1996) for the same species and also for Q. cerris L. and Q. pubescens Willd. Other ring-porous trees with this feature include Fraxinus nigra (Tardif 1996) , Schefflera delavayi (Franch.) Harms (Xiong et al. 1998 (Xiong et al. -1999 and Fraxinus mandshurica Rupr. (Yasue and Funada 2001) . A high positive correlation between earlywood width and latewood width of the preceding year, as observed by Nola (1996) and Tardif (1996) , points to a dependence of earlywood formation on the previous year's growing conditions. This is because ring-porous tree species initiate annual wood formation just before or during bud break (Wareing 1951 , Aloni 1995 , i.e., before the trees have started photosynthetic activity. Imagawa and Ishida (1972) , Matovic (1980) and Kitin et al. (1999) argued that earlywood formation originates from cambial cells that divide at the end of the previous growing season but enter winter dormancy before further differentiation. Moreover, Aloni (1991) claims that auxin precursors, needed for the reactivation of the cambium, accumulate during the previous growing season.
To better understand the mechanisms underlying variability in earlywood vessel lumen area, we plotted the variability against rainfall and temperature. The year-to-year variability in earlywood vessel lumina area of our study oaks was significantly correlated with rainfall between February and April, i.e., vessel cross-sectional area increased with increasing frequency of rain events and vice versa. The equally significant negative correlation between earlywood vessel area and temperature is interpreted as an indirect influence of rainfall, because below-average temperature is often associated with rainfall. The likelihood of rainfall influencing vessel growth independently of temperature is discussed below.
Trees in temperate climate regions reactivate shoot growth and cambial activity after winter dormancy, and wood formation starts only when temperature reaches a certain value in the spring. Matovic (1980) monthly temperature normally not below 10°C), cambial reactivation of oak starts around February-March, according to phenological observations of bud break and leaf flushing. Many ring-porous trees resume cambial activity nearly simultaneously along the whole trunk (e.g., Suzuki et al. 1996 , Schmitt et al. 2000 because of a high initial reserve of auxin precursors distributed during the previous growing season (Aloni 1991) . However, in the ring-porous Fraxinus mandshurica, vessel formation is reported to progress down the stem . Xylem formation in ring-porous trees begins with the differentiation of earlywood vessel elements from overwintering cambium derivatives and their subsequent expansion (e.g., Zasada and Zahner 1969 , Imagawa and Ishida 1972 , Kitin et al. 1999 . When newly formed vessels start to grow, the thin and unlignified primary cell wall is loosened by growth regulators and stretched by turgor pressure, which in turn depends on the uptake of water provided mostly by contemporaneous rainfall. This expansion ceases with the development of the secondary vessel wall and its lignification. For a single earlywood vessel, this process may take 3 to 4 weeks (authors' unpublished observations). This is when water availability is "recorded" by the tree. However, the onset and duration of earlywood vessel formation varies annually, within limits, so the exact timing of the formation of a certain row of vessels cannot be determined. Moreover, there is a lag between the environmental stimulus, i.e., the change in water supply, and the response of the tree. In a study of spruce, von Wilpert (1991) determined a lag of 12 days between changes in soil water potential and the reaction of developing tracheids.
Although rainfall is usually abundant in March-April at our study site (Martínez Cortizas et al. 2000) , the steep slope of the ground can result in rapid run-off, leading to a water deficit for the oak trees. A water deficit not only directly affects vessel size, but also acts indirectly by modifying hormonal concentrations (Kozlowski and Pallardy 1997) . According to Aloni (2001) , high auxin concentrations result in narrow vessels because rapid differentiation allows only limited time for cell growth, whereas low auxin concentrations cause slow differentiation permitting more cell expansion before secondary wall deposition, resulting in wide vessels.
The abnormally narrow earlywood vessels in the 1990 tree rings are probably the result of a severe winter-spring drought. Fernández de Ana et al. (1996) found that the 1988-1992 period was characterized by an extreme reduction in rainfall and an increase in maximum and minimum temperatures during winter. This is especially true for January-March 1990. In other cases, similar very small earlywood vessels have been associated with intense frost events in winter or at the beginning of spring, as was first suspected by Fletcher (1975) for the year 1437 A.D., and later confirmed by Leuschner and Schweingruber (1996) . Vessels with below-average size have also been observed in roadside trees exposed to de-icing salt sprinkled on the streets during winter (Eckstein et al. 1976) . Small vessels may also occur in years following heavy defoliation (Asshoff et al. 1998 (Asshoff et al. -1999 Figure 3 . Variation of the common signal (mean correlation between trees) following progressive removal of the smallest vessels at any given step. defoliation may result in small earlywood vessels by causing a water deficit in the cambium zone.
In conclusion, we have demonstrated that the year-to-year variability in earlywood vessel lumen area of oak contains a strong ecophysiological signal; however, the metabolic causeeffect relationships are not yet fully understood. This signal reflects the water status during vessel ontogeny from the time that the cambial derivative is determined to become a vessel up to the time of lignification of the cell wall. This observation is important because the climatic signal in the easy to measure tree ring widths of temperate oak is weak and uncertain and mostly reflects temperature rather than rainfall. Moreover, vessel lumen area time series contain little autocorrelation and show a greater stability through time than tree-ring width series (García González 2000) . Latewood vessel lumen areas of ring-porous trees may provide even more information than earlywood vessels because of their greater variability, as reported for oak by Woodcock (1989) and for teak by Pumijumnong and Park (1999) . The establishment of a chronology of vessel lumen area of several hundred years would enable the reconstruction of a long-term water availability record for the northwestern Iberian Peninsula, where climate data are scarce (Martínez Cortizas et al. 2000) . We conclude that vessel lumen area chronologies could provide an important source of palaeoclimatic information of relevance to the ongoing discussion of global change.
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